ABSTRACr Genes encoding thymidylate synthetase from Bailus subtils bacteriophages were cloned in Esheachia coli.
of B. subtilis in addition to pMB9, transformation of Thyclones of B. subtifis was possible. Furthermore, Southern hybridization analyses of the digests of chromosomal DNA from the Thy+ transformants established that the entire chimeric plasmid was incorporated into the chomosome of B. subtifis. Treatment of these plasmids with site-specific endonucleases abolished transformation. These results indicated that the entire chimeric plasmid can be incorporated into the chromosome of B. subtiis b a Camubell-like model. Therefore an additional mechanism for transoiation exists whereby pasmids can be integrated if sufficient chromosomal homology is maintained.
Genetic studies have clearly established that the nucleotide homology in the region of recombination is the dominant factor regulating transformation by heterologous DNA. Accordingly, it is predicted that the introduction of regions of homology into plasmids, temperate bacteriophages, or chromosomes would foster transformation by these sources of foreign genes. Our previous studies with pCDI, a chimeric plasmid composed of pMB9 and the gene encoding thymidylate synthetase from bacteriophage 3T, demonstrated that transformation of Ba- cilus subtilis by plasmids propagated in Escherichia colf was highly efficient (1). Transformation studies with pCDL and other hybrid plasmids harboring regions of the 43T genome suggested to us that such plasmids would not be ideal vectors for introducing foreign genes into B. subtilis for two reasons. First, Ehrlich et al. (2) (7) . Because Bgl II recognizes the site 5'-AL GATCT (7, 8) and BamHI, the site 5'G4GATCC (9), a common internal sequence is generated, GATC The presence of a gene encoding thymidylate synthetase in bacteriophage 43T was readily apparent because lysogeny of Thy-mutants of B. subtilis by bacteriophage 43T converted the lysogens to Thy+ (15) . Reasoning by analogy to the presence C 1c0 9' BOrn/89g1 t of genes regulating nucleotide metabolism in bacteriophage T4 (16) , we designed an experiment to detect the presence of a gene encoding thymidylate synthetase in the virulent bacteriophage ,22. DNA from bacteriophage fl22 was cleaved into more than 50 fragments by Bgl II and was mixed with pCD2 that had been cleaved with Bgl II. After ligation and transformation of E. colt strain RUE 1, Thy+ TetR transformants were selected. The plasmid in one of these was designated pCD4. The gene encoding thymidylate synthetase from bacteriophage 622 (thy#22) was found to reside on the 5.4-Md fragment in pCD4.
This segment was subsequently excised with Bgl II and introduced into the BamHI site of pMB9 and pCD2 by Bam/Bgl fusions, generating the plasmids pCD5 and pCD6, respectively (Fig. 1) . The gel patterns used to develop the physical maps are shown in Fig. 2 . The following points are critical for the analysis of subsequent experiments. First, pCED4 has two regions of 3T DNA, 0.04 and 0.47 Md. In pCD6 these are joined to form a single 0.51-Md segment. Second, the plasmid pCD5 contains no DNA from bacteriophage 03T because the #22 fragment was introduced directly into pMB9. Third, the EcoRI digests of pCD4, pCD5, and pCD6 will contain only one constant fragment (2.8 Md) because the construction of the plasmids results in altered arrangements in the other segments. Fourth, in pCD5 and pCD6 the 5.4-Md fragment was inserted in different directions, suggesting that the promoter for thymidylate synthetase is not on pMB9 or c3T DNA but instead is probably in the fragment of #22 DNA. Fifth, there is one site in pCD4 (BamHI) and in pCD6 (Bgl II) that can be used to cleave the plasmids into linear molecules without cleavage of the 5.4-Md segment of bacteriophage #22 DNA.
Thy+ Transforming Activity of Plasmid, Bacteriophage, and Chromosomal DNA. The Thy+ transforming activity of DNA was examined by incubating competent cells of B. subtilhs strain RUB830 (thyA, thyB) with native DNA or DNA that was treated with site-specific endonucleases. As shown in Table 1 (18) . Second, we isolated DNA from transformants and analyzed the preparation by using a nick-translated pMB9 probe with the Southern hybridization technique. As shown in Fig. 3 , the probe bound to the high molecular weight chromosomal DNA. No DNA was identified in and no binding was seen to the region of the gel corresponding to a 9.3-Md plasmid (Fig. 3, lanes C  and c) A and  a of Fig. 4) or a Bgl II digest of DNA from (22 (lanes B and b) . For reference purposes, a Bgl II digest of pCD4 (lane G) is shown on the same figure. In lane G, the band B2 is the cloning vector, pCD2, and.B1 is the cloned fragment of (22 DNA and hybridized to pCD5 DNA that had been prepared by nicktranslation as described in Fig. 3 occur by two pathways in B. subtilis. Usually, double-stranded DNA is converted first to double-stranded fragments, then to single-stranded fragments, and finally integrated as singlestranded regions into the chromosome of B. subtils (20) , presumably at gaps (21) . Alternatively, circular double-stranded DNA can enter the cell and not be processed to single-stranded intermediates. This circular DNA then recombines by a reciprocal crossover event. This pathway is used infrequently and cannot be seen unless the more frequent classical singlestranded integration is precluded.
Direct hybridization of probes with digests of chromosomal DNA provides a powerful tool for evaluating this model of recombination. If the entire plasmid bearing several endonuclease sites is integrated into the chromosome at a specific site on the plasmid, then only one endonuclease-generated fragment will be altered with respect to mobility on the gels. All other fragments must remain the same. The altered fragment should now appear as two new bands on the autoradiographic pattern. The molecular weights of these bands will depend on the location of the endonuclease sites within the chromosome. The data presented in Fig. 4 are consistent with these predictions. Note that the bands bordered by EcoRI sites in the plasmid are identical to those in the chromosome of a clone transformed with pCD4 or pCD6, suggesting that the recombination occurred within the small EcoRI fragment from bacteriophage A3T which also shares homology with the chromosome. The altered migration of band 9 is expected because integration occurred within this region. Due to the configuration of the transforming plasmid ahd the radioactive probe, it is not possible to detect the other end of the chromosome that participated in the recombinational event. The increased migration of the band 9 relative toband E4 suggests that the recombinational event occurred near an EcoRI site on the chromosome.
At present we have only one additional experiment that can be used to evaluate this model. We constructed a plasmid, pCD9, that was identical to pCD6 except that the 0.51-Md fragment of bacteriophage 43T was replaced by insertion of a 1-Md EcoRI fragment of the chromosome of B. subtilis that complements the leuB locus in E. colh HB101. This fragment is presumably identical to that cloned by other investigators (2, 22) . Thy+ transformants occurred at a higher frequency than with pCD4 or pCD6, suggesting that the frequency of recombination may be related to the extent of chromosomal homology.
Based on the known requirements for transformation in B. subtilis, an additional prediction can be made. If an organism contains a foreign plasmid such as pMB9 that was fused into the chromosome during recombination, it should be possible to recombine other pMB9 chimeric plasmids at this site. 
